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Mutants of Escherichia coli K-12 were constructed such that each possessed
one single major system for phosphate transport. A comparison of these strains
showed that one ofthe systems (PIT) was fully constitutive, required no binding
protein, and operated in spheroplasts. It permitted the complete exchange of
intracellular phosphate with extracellular phosphate (or arsenate) and was

completely inhibited by uncouplers. The other system, PST, was repressible by
phosphate concentrations above 1 mM, required the phosphate-binding protein
for full activity, and did not operate in spheroplasts. It catalyzed very little
exchange between internal and external phosphate and was resistant to uncou-

plers. The maximal velocities attained by the two systems were approximately
the same, but the affinity for phosphate in the PST system was greater by two
orders of magnitude. In strains in which both systems were fully operative, the
initial rates of uptake were nearly additive, and the systems appeared to
interact with a common intracellular phosphate pool.

Phosphate transport in Escherichia coli has
been studied by a number of workers in recent
years (6, 10, 12, 13, 16-18, 22). In several as-
pects of the subject, these studies have pro-
duced conflicting findings that were difficult to
reconcile. A possible explanation was provided
by Willsky et al. (22), who demonstrated the
presence of two major systems for phosphate
uptake in E. coli K-12. The first system, desig-
nated the "PST system," depends upon the pres-
ence of the wild-type gene phoT (ca. min 82 on
the E. coli linkage map [1]) for full activity (22).
Another gene (phoS), closely linked to phoT,
codes for the phosphate-binding protein, which
according to recent evidence (7), forms an es-
sential part of the complete transport process in
the PST system. Each of these loci is involved
in the regulation of alkaline phosphatase syn-
thesis in E. coli (5). The involvement of a third
gene, pst, in the PST system has also been
claimed (1, 20, 22), but its function is unknown.
The second system for phosphate transport in
E. coli has been designated the "PIT system"
(23), for which one gene, pit, mapping at 62
min, has been described (20).
The demonstration of two discrete transport

systems made it clear that most of the previous
work with strains of E. coli K-12 dealt with a
composite of the two systems, the contribution
of each being potentially variable depending on
the strain and growth conditions. In particular,
we felt that the presence, in one cell, of two
systems for phosphate uptake, possibly differ-
ent in several aspects, may have contributed to

the fact that earlier work from this laboratory,
dealing with phosphate uptake in cold-shocked
cells (12), could not be reproduced consistently.
Indeed, the effect of cold shock on phosphate
transport in strain K-12 was found to be varia-
ble (17). In addition, recent studies on the na-
ture of energy coupling to phosphate transport
in E. coli have produced conflicting findings.
Thus, while some evidence (18) pointed to cou-
pling to the energized membrane state (11),
other results (16) suggested that phosphate
bond energy was involved directly, in a manner
similar to that of other shock-sensitive systems
(3) and, particularly, to that described by Har-
old and Spitz (9) for Streptococcus faecalis.

In view of this, we examined several aspects
of phosphate transport in E. coli under condi-
tions in which the two systems could be studied
separately. This paper describes the construc-
tion of strains, each possessing one single, ma-
jor system for phosphate transport, and pro-
vides a comparison of their properties.

MATERIALS AND METHODS
The chemicals used were of the highest purity

available commercially. Triethanolamine (Fluka
Purissimum grade) was further purified by crystal-
lization of the hydrochloride from ethanol. Lyso-
zyme was a product of Fluka, and carbonyl cyanide
m-chlorophenyl hydrazone (CCCP) was from Calbio-
chem, La Jolla, Calif. Carrier-free [32P]orthophos-
phate (32P,) was from the Australian Atomic Energy
Commission, Lucas Heights, New South Wales.

Media. Cells were grown overnight with shaking
at 37°C in a medium (pH 7.0) containing: K2HPO4,
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30 mM; NaH2PO4, 20 mM; MgSO4, 0.4 mM; and
(NH4)2SO4, 8 mM. Sterile solutions of growth sup-
plements were added, where appropriate, at the fol-
lowing final concentrations: 1-glucose, 20 mM; po-
tassium DL-lactate, 25 mM; thiamine, 3 ,uM; argi-
nine, 1 mM; and 2,3-dihydroxybenzoate, 10 ,uM.
Growth experiments in the presence of arsenate
were carried out in the TS medium of Echols et al.
(5), with glucose and essential supplements. Phos-
phate-free buffered "uptake" medium (pH 6.9) con-
tained: triethanolamine-HCl, 50 mM; KCl, 15 mM;
(NH4)2SO4, 10 mM; and MgSO4, 1 mM. The "wash"
solution used in uptake assays was similar to the
uptake medium, except that the triethanolamine
and KCl concentrations were 10 and 100 mM, re-
spectively.

Genetic techniques. The strains used, which were
all derivatives ofE. coli K-12, are listed in Table 1.
Transductions were carried out with phage Plkc, by
the method of Pittard (15). Transduction ofphoS or
phoT markers was carried out into ilu recipients.
Selection was made for ilv+, followed by screening
for strains constitutive for alkaline phosphatase
(22).

Preparation of cells for uptake. Cells were har-
vested in the stationary phase after overnight
growth (16 h), except where stated otherwise. Cells
of strain AN710 and its derivatives were washed
three times with the uptake medium and suspended
at an optical density (660 nm) of 0.35. Cells of strain
K10 and its derivatives were washed twice as de-
scribed above and resuspended in the uptake me-
dium at an optical density (660 nm) of 0.35, and the
same carbon sources as used for growth were added.
The cells were shaken for 2 h to induce maximal
phosphate uptake rates (see below), washed three
times in uptake medium to remove any residual
carbon source, and suspended at an optical density
(660 nm) of 0.35. These suspensions were stored in a
refrigerator, for up to 2 h, until required. Carbon
sources and other additions were made where appro-
priate, and the suspensions were shaken at 37°C for
5 min before commencing uptake assays.
Measurement of phosphate uptake. Phosphate

uptake was measured as described elsewhere (18),
except that the wash solution used was as described
above.

Analysis of intracellular acid-soluble phosphate.
Samples of cells incubated with 32p in the standard
transport assay were filtered through cellulose ni-
trate membranes (pore size, 0.45 ,m) and washed as
usual. Each membrane was immediately placed into
2.5 ml of 0.75 N HCl04-0.1 mM H3PO4 at 0°C. Ex-
traction of acid-soluble material was complete after
10 min of gentle agitation. The acid extract was
centrifuged to remove bacteria, which became dis-
lodged from the filter. Samples (1.0 ml) of the clear
extract were mixed with 50 ,ul of 5% ammonium
molybdate and shaken with 2.0 ml of isobutanol-
benzene (1:1, vol/vol). Each layer was counter-
washed twice, made to 10.0 ml with ethanol, and
counted by using Cerenkov radiation. All samples
were compensated with quantities of"aqueous" and
"butanol-benzene" phases to make them chemically
similar for counting, and appropriate blanks and
standards were also counted.
Phosphate uptake in spheroplasts. The prepara-

tion of spheroplasts and the method used for assay-
ing phosphate uptake in suspensions of spheroplasts
were as described elsewhere (7).

Analysis of kinetic data. Computer-fitting of data
from kinetic experiments was done by the method of
least squares according to the procedure of Wilkin-
son (21).

RESULTS

Preparation of bacterial strains. Willsky et
al. (22) reported that strain K10 lacks the PIT
system; the PST system can therefore be stud-
ied alone in this strain and in mutants derived
from it. Other strains of E. coli K-12 normally
contain both systems, and the introduction of a
phoT mutation would abolish the activity ofthe
PST system (22), leaving only the PIT system
operative in phoT mutants. This served as a
basis for the assembly and preparation of the
strains used in this work (Table 1).

TABLE 1. E. coli strains used in this work

Strain des- Pi transport Relevant genetic Source/comment
ignation system(s) pres- markersa Suc/omn

K10 PST pit B. Bachmann, CGSC 5023 (derivative of Hfr Cavalli [5])
C-31 PSTb pit phoS31 A. Garen
C-72 PSTb pit phoS72 A. Garen
C-lOla PST pit phoTl01 A. Garen
AN248 PST, PIT ilv G. Cox
AN259 PST, PIT ilv+ G. Cox (transductant from AN248)
AN518 PST pit ilv Ultraviolet mutagenesis of strain K10
AN521 PSTb pit phoS31 Transduction of relevant alleles into strain AN518
AN524 PSTb pit phoS72 Transduction of relevant alleles into strain AN518
AN710 PIT phoTlOl Transduction of relevant alleles into strain AN248
AN796 PIT, PSTb phoS72 Transduction of relevant alleles into strain AN248

a Allele numbers were assigned according to the strain numbers carried by the original strains from
Echols et al. (5).
bThe operation of the PST system in these strains is greatly attenuated due to the phoS mutation (see

text).
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Effect of phosphate deprivation on trans-
port rates. Aerobic incubation in the buffered
phosphate-free uptake medium produced no
change in the transport rate ofphosphate in the
phoTlOl strain (AN710), but in strain K10,
where only the PST system is operative, the
rate increased severalfold during the 3-h depri-
vation period (Fig. 1). It is clear from the effect
of chloramphenicol (Fig. 1) that the increase in
uptake rate in the PST system during phos-
phate starvation involves the synthesis of pro-

tein and that at least one such protein is the
phosphate-binding protein (phoS gene prod-
uct), since phosphate starvation failed to alter
the low uptake rate in the phoS72 mutant.
Transport kinetics. Some kinetic parame-

ters of the two systems differ (Table 2).
Whereas maximal velocity values for the PIT
system and the fully derepressed PST system
are similar, the affinity for the substrate is
higher by two orders of magnitude in the PST
system than in the PIT system. It is of interest
that the loss of the binding protein (phoS mu-
tation in the PST system) had little effect on the
affinity but reduced the maximal velocity by a

factor of about 15. Comparison of the data for
strains AN710 and AN796 shows that the bind-
ing protein did not play a role in the PIT sys-

tem.
Inhibition by arsenate. The inhibition of

phosphate transport in bacteria by arsenate has
been well documented (8, 14, 19), and arsenate
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FIG. 1. Derepression of the PST system for phos-

phate transport in E. coli. Cells were grown with
glucose as the carbon source and were washed twice
in uptake medium containing glucose and other sup-
plements as required (see text). Suspensions of
washed cells at an optical density (at 660 nm) of0.35
were shaken in the same medium at 37°C. Samples
were removed at the indicated times for measurement
of phosphate uptake rates as described in the text.
symbols: 0, strain AN710 (phoT101); *, strain K10
(pit); 0, strain AN524 (phoS72 pit); 0, strain K10
plus chloramphenicol at 50 M.g/ml.

resistance has been used to select mutants ofE.
I coli defective in phosphate transport (2, 12). We

found that the growth of strains AN710 (PIT
system) and K10 (PST system) was inhibited by
arsenate (Table 3). However, the arsenate con-
centration at which this occurred differed for
each strain. Indeed, an arsenate concentration
could be chosen (10 mM) that completely in-
hibited the growth of strain AN710 but only
halved the growth rate of strain K10. The ki-
netic parameters for this inhibition (Table 2)
also show a difference: the Ki for arsenate in
strain K10 is about 40 times the Km for phos-
phate; in strain AN710 it is of the same order of
magnitude as the Km for phosphate. These fig-
ures show that, at an arsenate concentration of
10 times the phosphate level in the medium,
the toxic anion readily enters the cells via the
PIT system but would not be expected to be
readily transported by the PST system. The
growth rate data in Table 3 are in accordance
with this view.

Exchange of intracellular phosphate pool

TABLE 2. Kinetic parameters for phosphate
transport in strains ofE. coli K-12a

Vmax (nmol
Strain Relevant, Apparent Kf (arse- of P/min

genotype Km (tIM) nate) (,uM) per mg
[dry wt])

K10 pit 0.16 0.02 6.2 0.9 69 4
AN521 phoS31 pit 0.18 0.06 5.4 + 0.4
AN524 phoS72 pit 0.34 0.12 4.1 0.4
AN710 phoT101 25 1 31.6 1.1 60 ± 2
AN796 phoS72 24 1.3 60 ± 2

a Bacteria were grown in glucose as the carbon source

and were prepared as described in the text. The standard
uptake assay was modified in that phosphate concentra-
tions ranged from 0.3 to 4.0 ,uM for strains K10, AN521, and
AN524, and between 5.0 and 62.5 AM for AN710 and AN796;
initial rates were determined by sampling at 10 and 20
The data are given with standard errors of the mean. For
the calculation of K, (arsenate), the experiments were re-

peated in the presence of arsenate at the concentration
ranges 0.5 to 10 and 1 to 50 AM for strains K10 and AN710,
respectively. Between 6 and 10 phosphate concentrations
were used within each range.

TABLE 3. Effect of arsenate on the growth ofE. coli
K-12 strains affected in phosphate transport

Strain and rele- Mean generation timea (h)
vant genetic 1 mM ar- 10 mM 100 mM
markers Control senate arsenate arsenate

K10 pit 1.6 1.8 3.9 >10
AN524 pit phoS72 2.7 2.8 5.2 >20
AN710 phoT101 2.2 3.5 >20 >20
An796 phoS72 1.4 2.0 >20 >20

a Cells were grown at 37°C to early log phase in the TS
medium of Echols et al. (5), supplemented with 1 mM phos-
phate, 20 mM glucose, and essential nutrients. Arsenate
was added at the concentrations shown, and the subsequent
growth was monitored.

.
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with extracellular phosphate or arsenate. The
exchange of the phosphate pool has been re-
ported from this laboratory (13) forE. coli K-12,
but the results could not be reproduced consist-
ently with similar strains by others (G. R. Will-
sky, personal communication) or by ourselves.
The reason for this became apparent when the
ability to exchange phosphate was compared in
strains K10 and AN710 grown with lactate as
a carbon source (Fig. 2). The addition of unla-
beled Pi or arsenate in a large excess (400 times
the extracellular concentration of the added
32p) to a suspension of AN710 cells that had
accumulated phosphate for 60 s caused an ab-
rupt loss of the bulk of radioactivity present in
the cells, in the subsequent 60 s. Under the
same conditions, only about 15% of the radioac-
tivity was lost from strain K10. Examination,
in a parallel run, of the intracellular acid-solu-
ble fraction of the cells (see Materials and
Methods) revealed that, at the 60-s point, Pi
accounted for the major portion of the radioac-
tivity in that fraction: 72% in strain AN710 and
63% in strain K10. Yet, all ofthe 32Pi exchanged
in the former, but only 25% did so in the latter.
Arsenate and phosphate showed similar pat-
terns in each strain.

It should be noted that this exchange was not
observed in strain AN710 grown on glucose.
The reason for this is not yet understood and is
being investigated.

Effect of the uncoupler CCCP. CCCP af-
fects the two systems in distinctly different
fashions (Table 4). The increment in uptake
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FIG. 2. Exchange of cytoplasmic phosphate with

external phosphate or arsenate. Cells grown with

lactate as the carbon source and prepared as de-

scribed in the text were given 32i and the uptake of

phosphate was monitored for 60 s (0, 0). At this

time, a 400-fold excess of unlabeled phosphate (0, *)
or arsenate (A\, *) was added, anzd the content Of 32p
in the cells was monitored for a further 60 s. Solid

symbols, strain KZO; open symbols, strain AN71O.

rates due to added glucose was completely abol-
ished by CCCP in strain AN710 (PIT system)
but not in K10 (PST system), suggesting cou-
pling of phosphate transport to the "high-en-
ergy state" of the membrane in the PIT system
but not in the PST system.
Phosphate uptake in spheroplasts. Sphero-

plast formation, which results in loss of the
phosphate-binding protein, should severely af-
fect the PST system but not the PIT system. A
comparison of uptake rates (Table 5) in whole
cells and spheroplasts of the two strains con-
firms that uptake rates in spheroplasts of strain
K10 were close to zero, whereas spheroplasts of
strain AN710 took up phosphate at rates ob-
served for whole cells under the same condi-
tions. Furthermore, the uptake by AN710
spheroplasts was totally abolished by CCCP
and, of the 32p taken up in 3 min, 70% was
exchangeable with external Pi (data not
shown). The total release of alkaline phospha-

TABLE 4. Effect of CCCP on the rate ofphosphate
uptake in the two systems

Uptake rate (nmol/min per mg
(dry wt])

Strain" CCCPb No car- 20 m Glucose
bon glucms stimu-

source glucose lated

AN710 (PIT - 1.8 26.0 24.2
system) + 2.3 3.4 1.1

K10 (PST - 15.2 59.4 44.2
system) + 7.1 45.9 38.8

a Cells were grown with 20 mM glucose as a carbon
source and were prepared as described in the text.

° Where indicated, CCCP was added to 40 ALM, 5 min
before the addition of 32P, and the cells were shaken at 37°C.

TABLE 5. Rate ofPi uptake in whole cells and
spheroplasts ofE. colia

Uptake rate (nmol/ Alkaline % of uptake
min per mg [dry wt]) phospha- rate re-

Strain tase re- tandi
Whole Sphero leased in taied in
cells plastsb spheroplast plasts

prepn (%
K10 (PST 33.2 2.2 92.5 6.6

system)

AN710 10.1 11.3 100 100
(PIT
system)

a The cells were grown to the late log phase, as described
in the text, with glucose as the carbon source. Spheroplasts
were prepared as described elsewhere (7), and the uptake
rates of whole cells and spheroplasts were measured in the
presence of 15% sucrose (7), where the rates are consider-
ably lower than in normal uptake medium.

"In the case of spheroplasts, "milligram (dry weight)"
refers to the original cells from which the spheroplasts were
prepared.
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tase (Table 5) is taken as an indication that
both strains had lost the periplasmic proteins
during spheroplast formation.
Concomitant operation of the two systems.

We used cells of strain AN259, wild-type for the
PIT and PST system, to establish whether the
rates of phosphate uptake by the two systems
were additive and whether the PIT system con-
tinued operation when the PST system became
derepressed. When these cells were grown to
log phase in the usual growth medium (con-
taining 50 mM Pi), the PST system was largely
repressed, but under standard assay conditions
the cells took up phosphate at a rate of about 45
nmol/min per mg (dry weight) (Table 6). This
reflects the a'ctivity of the PIT system, since
similarly grown cells of strain AN710 (PIT sys-
tem) showed comparable uptake rates, but cells
of strain K10 showed, under the same condi-
tions, a rate of about 13 nmollmin per mg (dry
weight), due to repression of the PST system.
After 2 h of incubation under conditions of
phosphate deprivation, the uptake rates by
strains K10 and AN259 rose by some 50 and 42
nmol/min per mg (dry weight), respectively,
while that of AN710 remained constant. It
would thus appear that, in strain AN259, the
PST system was derepressed to an extent com-

parable to that in strain K10, without greatly
affecting the PIT system.
That the PIT system still operated in strain

AN259 after phosphate deprivation is also dem-
onstrated by the fact that the fraction of intra-
cellular phosphate that was subject to exchange
remained constant and equal to the fraction in
strain AN710. This also shows that the phos-
phate accumulated by both systems enters a
common pool, and all of it is accessible to ex-
change via the PIT system.

DISCUSSION
The present results explain a number of dis-

crepancies in published properties of phosphate
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transport in E. coli. These differences reflect, in
part, the considerable differences in behavior of
the two distinct transport systems, PIT and
PST.
Our findings confirm the constitutive nature

of the PIT transport system. However, in the
light of the present. findings, the reference to
the PST system as a constitutive one (23) needs
qualification. Although this system does oper-
ate in cells grown on media containing Pi at
concentrations of 1 mM or higher, growth on
limiting Pi or deprivation of phosphate leads to
a severalfold increase in the rate oftransport. It
is remarkable that under these limiting condi-
tions the concentration of the phosphate-bind-
ing protein increases about 100-fold (24). The
present work (Fig. 1) shows that the presence of
the phosphate-binding protein is essential for
the maximal uptake rate in the PST system.
The substantial repression of the PST system
by growth in 1 mM P1 explains the low Vma.,
value for phosphate transport reported earlier
by Willsky and Malamy (23). These were close
to the rates observed by us for nonstarved cells,
whereas in fully derepressed cells the rate was
five times that (Table 6).
Another point of discrepancy relates to the

results of Kida (10), who found somewhat re-

duced phosphate uptake rates inphoT mutants
of strain K10 and negligible uptakes in phoS
mutants. These results are the opposite of those
observed by us and reported by others (22).
There are two possible reasons for this discrep-
ancy. First, the mutants used by Kida (10)
carry phoS and phoT alleles different from
those used in the present work. Second, as men-
tioned by Willsky and Malamy (24), the pheno-
typic expression of the phoS mutation may be
influenced by the genetic background of the
recipient.
The direct involvement of the phoS product,

the phosphate-binding protein, in the transport
of phosphate by the PST system has been ade-

TABLE 6. Effect ofphosphate deprivation on the two systems operating singly or together
Phosphate uptake rate' Exchangeable-P fractionc

Straina Transport systempresent Before P depri- After P depriva- Before P depri- After P depriva-
vation tiond vation tion

K10 PST 13.5 63.4 0.18 0.19
AN710 PIT 38.7 38.5 0.73 0.72
AN259 PST, PIT 45.6 87.2 0.68 0.65

a Cells were grown to mid-log phase, with lactate as the carbon source, and were prepared as described in
the text.

b Initial rates: Nanomoles of phosphate per minute per milligram (dry weight).
" Fraction of 32p accumulated in 30 s that was lost in the subsequent 60 s after the addition of a 400-fold

excess of unlabeled Pi.
d P deprivation time was 2 h.
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quately demonstrated by the reconstitution of
uptake in spheroplasts (7). The nature of the
mechanism is, as yet, unknown. The mecha-
nism of the control of alkaline phosphatase syn-

thesis by the phoS (o)r phoT) products is also
unclear. It is unlikely that it is exerted through
their influence on intracellular phosphate lev-
els, since it is clear that E. coli K-12 strains
that carry either aphoS orphoT mutation have
fully derepressed alkaline phosphatase levels
while maintaining normal rates of phosphate
transport through the PIT system. The two sys-
tems appear to operate with a common intracel-
lular phosphate pool (Table 6).
The transport kinetics shown in Table 2 raise

several points of interest. In contrast to Willsky
and Malamy (23), we found that the introduc-
tion of the phoS mutation (any one of several
different alleles) increased neither theKm value
for phosphate nor the cells' sensitivity to arse-
nate. A possible explanation for this difference
between Km values may be that we used cells
fully induced by phosphate deprivation for 2 h,
whereas they used cells grown in 1 mM Pi, in
which the phoS product was present only at
about 1% of maximal values (24).
The present results clearly demonstrate that

the strains containing the PIT system are con-

sistently more sensitive to arsenate than the
K10 derivatives (Table 3). The different kinetic
constants for phosphate and arsenate in these
systems are also consistent with the observed
inhibition by arsenate ofthe two strains. In this
respect, our results fully agree with those of
Willsky and Malamy (24).
An interesting feature of the PIT system is

that it catalyzes a rapid exchange of intracellu-
lar Pi for extracellular Pi or arsenate. The rea-
son for the repression of this phenomenon in
glucose-grown cells is unknown.
The preliminary results on energy coupling

suggest that the two transport systems are en-
ergized differently, and this is in accord with
the observation that the PST is a "shockable"
system (3), involving a binding protein (7),
whereas the PIT is not. A more detailed investi-
gation of the bioenergetics of phosphate uptake
by the two systems, involving mutants defec-
tive in energy coupling, is in progress (H. Ro-
senberg, R. G. Gerdes, and F. M. Harold, man-

uscript in preparation).
The results shown in Table 6 leave no doubt

that the two systems can operate in concert in
suitably induced cells and that each has access

to one common pool of intracellular phosphate.
It is of interest that a similar dual system of

phosphate transport in yeast was recently de-
scribed (4).
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